10/520376 



WO 2004/006492 ^ . . PCT/Fn002/000601 

" 21 OCT 2005 



Power Control of Digital Subscriber Line 
Field of . the Invention 

This invention relates to power control arrangements of digital 
5 subscriber lines. Especially, the invention relates to power control in a VDSL 
system. 

Background of the invention 

Digital Subscriber Line (DSL) is a common term for various tech- 

10 niques, which make it possible to transmit digital traffic over ordinary tele- 
phone lines. Thus, a normally used abbreviation is xDSL wherein x can be 
replaced by a letter that identifies the technique in question. So the acronym 
xDSL refers collectively to a number of variations of the DSL technology, 
which aim at utilizing the information transmission capability of ordinary cop- 

15 per wires to the greatest possible extent. Known variations that go under the 
umbrella definition of xDSL are at the priority date of this patent application 
ADSL (Asymmetric Digital Subscriber Line), CDSL (Consumer DSL, regis- 
tered trademark of Rockwell International Corp.), G.Lite (also known as DSL 
Lite, splitteriess ADSL, and Universal ADSL; officially ITU-T standard G- 

20 992.2). HDSL (High bit-rate DSL), RADSL (Rate-Adaptive DSL). SDSL 
(Symmetric DSL). SHDSL (Symmetric High bit-rate DSL.), VDSL (Very high 
data rate DSL) and even to some extent UDSL (Unidirectional DSL), which is 
only a proposal, and IDSL (ISDN DSL), which is actually closer to ISDN (In- 
tegrated Services Digital Network). 

25 As mentioned, the DSL technology provides transport of digital in- 

formation over telephone subscriber lines. High speed digital transmission via 
telephone lines requires advanced signal processing to overcome transmis- 
sion impairments due to crosstalk from the signals present on other wires in 
the same cable, and signal reflections. FIG. 1 illustrates an example of the 

30 crosstalk caused by the other lines. The central office (CO) 1 transmits line 
specific signals to a number of customer premises equipment 2. Each line 
uses an individual transmission power. As illustrated in FIG. 1, the first signal 
to the first CPE 2A is exposed to the crosstalk from the other lines, which can 
be detected at the receiving end. The crosstalk of the single line to the first 

35 line is illustrated as a dashed line. This type of crosstalk is called far-end 
crosstalk (FEXT), wherein crosstalk noise from a transmitted signal is de- 
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tected at the receiving end of a parallel line. Naturally, all receiving ends are 
similarly exposed to crosstalk from parallel lines. 

Since each line affects parallel lines and transmission times vary 
from line to line, a great number of situations exist where crosstalk conditions 
6 are different When the transmission power of a line is high, it produces a 
good signal-to-noise ratio (SNR), but at the same time it also increases 
crosstalk in parallel lines. 

At present, the transmission power in digital subscriber lines is 
constant with an option for power reduction (backoff) in certain situations. 
10 The optional power backoff is based on only the measured signal attenuation 
in the line. 

According to the known solutions, nominal transmission power 
generates unnecessary heat. The heat exhausts and even damages the 
components and devices of a subscriber line. Further, the known solutions 
15 Induce unnecessarily high crosstalk situations, which may even lead to link 
failures. Furthermore, the known solutions do not utilize the transmission ca- 
pacity of subscriber lines effectively. 

The goal of the invention is to alleviate the above-mentioned 
drawbacks of the known solutions. The goal is achieved in a way described 
20 In the claims. 

Summary of the invention 

The Idea of the invention is to control parallel subscriber lines sl- 
. multaneously in an organized way based on the measurements of crosstalk 

25 conditions of the subscriber lines. All different crosstalk conditions (caused by 
the use of several transmission power levels and different transmission on/off 
situations of the subscriber lines) are measured. Since the crosstalk affects 
all subscriber lines, a change of a transmission power level in a single line 
may increase the detected crosstalk in another line. But it may also decrease 

30 the detected crosstalk in yet another line, so the control of transmission 
power levels is a multivariable control for transmission power levels of sev- 
eral lines. The organized way to control the transmission power levels en- 
sures that the crosstalk does not increase to an unacceptable level in each of 
the subscriber lines. Using the crosstalk measurements for controlling the 

35 transmission power levels, it is possible to achieve better performance of the 
subscriber lines. Also power consumption may decrease. 
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So, the inventive method controls transmission power levels of 
several subscriber lines simultaneously. The method comprises essential 
steps of measuring crosstalk properties for each subscriber line in different 
situations, estimating crosstalk values from the measured crosstalk proper- 
5 ties, organizing the crosstalk values of the different situations, and controlling 
the transmission power levels using the organized crosstalk values. 

Furthermore, the method comprises an initial measuring step for 
sending line specific test signals from a transmitting end to a receiving end in 
each line wherein the crosstalk properties are measured. This measurement 
10 needs to be carried out only once for each line taken into use. 

An arrangement according to the Invention controls transmission 
power levels of several subscriber lines simultaneously, essentially compris- 
ing means for measuring crosstalk properties for each subscriber line in dif- 
ferent situations, means for estimating crosstalk values from the measured 
15 crosstalk properties, means for organizing the crosstalk values of the differ- 
ent situations, and means for controlling the transmission power levels using 
the organized crosstalk values. 

Furthermore, the arrangement comprises means for sending line 
specific test signals from a transmitting end to a receiving end in each line, 
20 which comprise the measurement means. 



25 



Brief Description of the Drawings 

In the following the invention is described in more detail by means 
of FIGS. 1 - 4 in the attached drawings where: 



FIG, 1 illustrates an example of crosstalk from several lines to one line, 
FIG. 2 illustrates an example of measuring the crosstalk properties in 

downstream transmission, 
FIG. 3 illustrates an example of measuring the crosstalk properties in up- 
30 stream transmission, and 

FIG. 4 illustrates a flow chart describing the inventive method. 



Detailed Description of the Invention 

The crosstalk from a copper pair to another is based on capacitive 
35 and inductive coupling between the pairs and is usually strongest to the 
nearest . pairs, i.e. to those in the same cable or to adjacent binders in the 
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same cable. These crosstalk properties can be assumed to be remarkably 
constant, since the cabling topology and its physical properties are seldom 
affected after installation. Hence, the crosstalk properties between given 
pairs can be measured beforehand, the measured information can be stored 
5 and used to estimate an overall crosstalk value at each pair based on the line 
activity situation. 

A preferable property of the crosstalk measurement is that it can be 
used during normal operations of DSL lines, so that no harm (or at most very 
little harni, or only a minor decrease in signal-to-noise ratio (SNR) of any DSL 

10 link) is caused. 

The far-end crosstalk (FEXT) from a pair to another pair (from the 
transmitting end of the first pair to the receiving end of the second pair) is 
considered to be a significant crosstalk source In FDM (Frequency Division 
Multiplexed) systems, which should be taken into account when controlling 

15 the transmission power levels of the subscriber lines. The FEXT can be 
characterized by a FEXT transfer function (FTF), to be denoted here by 
Hi2(0. It is generally a function of frequency. Considering a given frequency 
band and realistic transmission power spectrum, the effect of the FEXT trans- 
fer function can be condensed into a single number, a FEXT coefficient (FC) 

20 denoted by ri2, which is generally a small positive number. FC is normally ob- 
tained by integrating the received power spectrum over the frequency band 
of interest. 

In the downstream direction, as illustrated In FIG. 2, the crosstalk 
(FEXT) into a particular pair induced from another neighboring pair can be 

25 measured by transmitting a test signal from the CO (such as DSLAM) 25 and 
measuring the effect at the CPE receiver 24 (possibly by a special test re- 
ceiver). The measurement can be done one by one for each pair by transmit- 
ting a test signal from each transmitter of the CO in the same cable and 
measuring the effect at each CPE using measuring means 21 . 

30 There are many ways to do the actual measurements. It can be 

done off-line by disabling all normal use for a short period (e.g. at night). It 
may also be done during normal transmission by using a low-power test sig- 
nal (e.g. a pseudonoise test sequence) so that the normal operation is dis- 
turbed as little as possible. 

35 When the crosstalk properties for a new line are measured, it is 

important to note that only the crosstalk effect from the old lines to the new 
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line need to be measured. Due to the reciprocity, the crosstalk is symmetric 
between pairs and so the crosstalk coefficients between the new line and the 
old lines are obtained by the illustrated set of measurements. The measure- 
ment needs to be done only once for every line taken into use. 
5 It is preferable to organize the measurements of the crosstalk of 

the lines in the CO, since all lines have been connected to it, and it com- 
prises means to adjust the downstream transmission powers of the sub- 
scriber lines. So, the CPEs preferably transmit the crosstalk measurements 
to the CO, wherein estimating means 26 estimates crosstalk values from the 

10 measured crosstalk properties, and the crosstalk values are organized in an 
organizing means 22. A Control means 23 uses the organized crosstalk val- 
ues for controlling the transmission power levels of the subscriber lines. 

In the upstream direction, as illustrated in FIG. 3, the crosstalk in- 
formation (FEXT) is measured in a reverse arrangement. Now also the 

15 measurements are done in the CO 32, which comprises the measurement 
means 21. The CPEs 31 sends the signals to be measured. Only the new 
CPE transmits the test signal and the crosstalk effect is measured at old lines 
ends in the CO. Similariy to downstream, upstream measurements can also 
be carried out off-line or during normal operation. 

20 Both measurements produce entries into the organizing means 22, 

which preferably comprises a downstream crosstalk matrix and an upstream 
crosstalk matrix. So, the organization of the crosstalk values is done for mak- 
ing the control function easier (and even possible to make). Without any or- 
ganization the handling of a number of variables is very tedious. Matrices are 

25 a good alternative to organize several values. 

The control function takes into account the SNRs of the subscriber 
lines, In such a way that the SNRs do not go below limitations. So, the control 
function ensures that the SNR values are always good for transmitting pay- 
load signals. Furthermore, the control function- tries to achieve and keep an 

30 as good as possible performance of the subscriber lines. 

As can be seen, power control in the downstream direction (FIG. 2) 
is very straightforward to implement. The power control may even be as- 
sumed to be a part of a Network Management System (NMS), which can di- 
rectly use the crosstalk information received from the CO. In contrast, in or- 

35 derto implement upstream crosstalk control (FIG. 3), measuring means need 
to be implemented at the CO, and the resulting power control commands 
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must be transmitted to all the active CPE devices based on current upstream 
crosstallc conditions. 

The power control strategy can have different targets for different 
links. Equal control policy will aim at control such that the link performance 
5 reduction effects due to crosstalk are distributed in an even and fair manner, 
whereas differentiated service control policy will allocate more crosstalk for 
lower service class links. 

Actually the organization of the crosstalk measurements starts firom 
the measurements themselves. The basic idea is to vary the transmitted 
10 power of a single link and measure the observed changes in crosstalk levels 
In the other links. Let us consider the system of Fig. 2. The CPE receiver R1 
Is receiving the signal transmitted by the CO (such as DSLAM), and also a 
small contribution from a neighboring pairs signal via crosstalk. Lets assume 
that only line L2 causes crosstalk. This can be described by the equation . 

15 

= riiPi + r^2Pz + N^ ^'^^ . 

where Ri Is the total received signal, P^ is the power of transmitted 
signal to R1, and Pa is the power of the transmitted signals to the second 
20 CPE receiver R2, rn is the attenuation of the first line and ri2 is the crosstalk 
coefficient between the lines LI and L2. /S/i denotes noise and possible other 
crosstalk components at R1 . 

Now assume that a second measurement is made at an increased 
transmit power Pz = kPz- (/o1 ) in the neighboring line. This results in the to- 
25 tal received signal power as 

Ra' = ruPi + kr^2P2+ N^ (2) 
From (1) and (2) we can solve for the crosstalk power in the nomi- 

30 nal case: 

Pcn«stalk = ri2P2 = (^?l'-/?l)/(/f-1) (3) 

or Ibr the crosstalk coefficient 

35 
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ri2=(/?i'-/?i)/(P2(/c-1)) (4) 

Hence, by two crosstalk property (power) measurements an esti- 
mate for the crosstalk value (power or crosstalk coefficient) between two 
5 neighboring pairs can be obtained. When the power increase factor k (/o1) is 
chosen so that the crosstalk does not reduce the link signal-to-noise ratio 
(SNR) below the margin specified In standards, no harm Is caused for normal 
VDSL link operation. The same formulas apply to the crosstalk between the 
. other subscriber line pairs. 
10 Note also that the power must be changed smoothly from P2 to 

kPz so that no adverse transient effects are caused by sudden changes. 

Illustrating the matter in another way the signal-to-noise ratio 
(SNR) of one line at the receiver is 

SNR, (5) 

15 Let us consider the case where the noise term can be neglected 

and ail the transmit powers are equal (Pn = P72) (the nominal case (no 
power backoff)), and the nominal sIgnal-to-FEXT ratio or SFR's (SNR without 
noise) is 

SFR,^=^ = ^ (6) 

20 For a more general case of more lines 1 to N, the general formula 

becomes 

SFR,^ =tJS- (7) 



'hi 



So, when the FEXT coefficients {rkn) and channel attenuations {r^ki 
are determined in advance, the nominal (worst-case) SFR situation can be 
25 estimated off-line. If the nominal SFR is large enough, the transmit power 
may be reduced based on this information. 

Furthermore, if it is known which lines are active, the estimate can 
be improved by taking only those terms in the FEXT summation: 
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SFR,^^^^—^ (8) 

Thus, combining tlie FEXT coefficient infomiation witli line activity 
Infomriation mal<es it possible to dynamically control the transmit power ac- 
cording to the loading situation and thus to alleviate high-loading situations 
5 and improve service. The attenuation and FEXT coefficient measurements 
only need to be done once for every line taken into use. 

Let us consider an example of a DSLAM with 5 users, 1 at the dis- 
tance of 1000m and all the others at 500m. The channel attenuations are 
45dB and 22dB, respectively (for 0.5mm cable, TP2), which yield the channel 
10 attenuation coefficients (linear scale) rn = 4.0x10'^ and r22 = /33 = r44 = rss = 
6.0x10"^. For simplicity, the FEXT coefficients are all assumed to be equal at 
-80dB level, or r/fn=10'®. 

For the first subscriber, we get the nominal (worst-case) SFR as 

1 5 SFRi.nom=(4.0x1 0"^)/(4x1 0-^)=1 000 := 30dB 

This SFR figure enables a 64-QAM constellation to be used (when 
10"^.bit error rate is assumed) However, in case of one FEXT only, the SFR 
is 

20 SFRi.iFEXT=(4.0x10"^)/(1x10"^)=4000 := 36dB 

which is 6dB better than the nominal SFR and would thus enable 
two bits more in the constellation (i.e, 256-QAM). If subscriber 1 has ordered 
high-class service, this could be his/her nominal data rate. If all the other 

25 (lower service class) subscribers are using their lines, they would thus all 
have to use 6dB lower transmit power and also 2 bits lower constellation in 
order to keep the FEXT level for the 1®* subscriber at the same level. 

The above measurement arrangement applies for one measure- 
ment at a time. Multiple measurements can, of course, be made in a sequen- 

30 tial manner. If one measurement gives very small crpsstall< values, i.e. below 
a specified threshold, then one can either conclude that crosstalk is negligible 
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or perform another measurement with a higher power increase factor and/or 
increased measurement time to get more accurate and reliable results. 

To enable sequential measurement of multiple crosstalk coeffi- 
cients, an orthogonal set of measurement times can be employed, as illus- 
5 trated in Table 1, which illustrates measurement in receiver R1 in the ar- 
rangement of FIG. 2. 
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Table 1. Orthogonal set of measurement times, specifying the power in- 
crease factors l<2, ks and k4 in neighboring lines L2, L3, and L4 when 



10 measuring the three lines' crosstalk properties simultaneously at the 
receiving end ofL1. 

As can be seen from Table 1, during each time sequence (T1 to 
T8) a certain crosstali< condition is measured in R1. Similarly, the crosstalk 
15 condition can be measured in the receiving ends of the other lines. These 
kinds of measurements are preferably made in advance, before controlling 
the transmission powers of the lines. The test signal of each subscriber line is 
sent sequentially (T1 to T8) in such a way that signal levels of the test signal 
are sequent specific and a combination of the parallel sequences of the digi- 
20 tal subscriber lines Is time sequence specific. 

FIG. 4 shows a flow chart according to the invention. At the begin- 
ning, the crosstalk properties are measured 41 for subscriber lines in different 
conditions. The conditions depend on transmission power levels at the time. 
After the measurements, the crosstalk values are estimated 42 from the 
25 measured crosstalk properties. The crosstalk values used are selected in . 
such a way that they are easy to use later Information from the test signals is 
- used in the estimation. The crosstalk values are organized 43 so that they 
. are useable for controlling 44 the transmission power levels to the subscriber 
lines. 

30 As can be noticed, the invention controls the transmission power 

levels in a coordinated manner on ail active DSL lines (both upstream and 
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downstream) connected to one or more DSL Access Multiplexer (such as 
DSLAM's) so that the crosstalk situation is kept limited. 

As mentioned, it is preferably to make the measurements in ad- 
vance so that the necessary infonnation of crosstalk parameters Is available 
5 at the CO (DSLAM) end (or at a higher level in network hierarchy, e.g. in a 
Network Management System, NMS) to estimate the actual crosstalk power 
levels, when the line activity and transmit power is known. 

There are at least two approaches for measuring the crosstalk 
properties, one for off-line measurements (all DSL lines connected to one 
10 DSLAM must be off normal use) and another for on-line measurements, 
which enable simultaneous use of VDSL connections with minimum interfer- 
ence. 

Different power control strategies may be used, for example, either 
to use an equal control policy so that the link perfomriance reduction effects 

16 due to crosstalk are distributed in an even and fair manner, or to use differen- 
tiated service control policy so that more crosstalk can be accepted for lower 
service class links. 

For exaniple by using service classes, higher service classes may 
be served in a high-loading situation as a nominal service (data rate and link 

20 quality), whereas lower service classes may be guaranteed only the perform- 
ance In a low-loading situation. So, based on the observed loading situation, 
control the subscribers' transmit powers so that everyone's transmit power is 
kept at a minimum while guaranteeing the agreed perfomfiance. In a high 
loading situation, the low service class subscribers are commanded to re- 

25 duce the transmit power (and data rate) if that is necessary to maintain the 
high service class performance. 

Especially far-end crosstalk (FEXT) has been identified to be a 
major limitation to the transmission capacity of individual DSL links in a RDM 
system. Furthermore, this crosstalk is not constant, but depends on the num- 

30 ber of simultaneous connections and it may have considerable variations 
even during a single DSL session. 

This can be expected to be an issue in access networks with a 
high percentage of VDSL lines. Hence, in order to guarantee that all the 
VDSL links get the prescribed (or as good as possible) performance, the 

35 crosstalk dtsturi^ances should be kept to a minimum. This means that the 
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transmission powers (and thus the induced crosstalk) should be controlled 
according to the loading situation. 

The crosstalk measurements enable accurate transmission power 
control, resulting in less crosstalk, more reliable link performance, more 
5 transmission capacity, less power consumed. 

The Invention can be used In any DSL environment, but the pref- 
erable environment is a VDSL arrangement, especially VDSL modems. 

There are several alternative ways for both crosstalk parameter 
estimation and power control, which are not mentioned In this text. 
10 For example, instead of step-like power changes as described 

above, it is also possible to use smoothly changing power functions, like si- 
nusoidally varying powers or triangular waveform etc. In such a case the 
power increase factor describes the increase in the average transmit power 
during the measurement period. 
15 Due to the above-mentioned matters, It is evident that the inven- 

tion Is not restricted to the examples described in this text, but It can be used 
in many solutions, in the scope of the inventive idea. 



